Introduction.
The pioneering work by Sanche and coworkers [1, 2] , which demonstrated that lowenergy electrons can induce DNA strand breaks, has since drawn considerable effort to bear on low energy electron collision processes involving DNA constituents. Much of this work, both experimental and theoretical [3] , has centered on tetrahydrofuran (THF), the simplest model of the furanose ring that links the phosphate groups in the DNA backbone. These studies have provided valuable information about processes relevant to understanding electron transport and reactivity in biological media including: vibrational and electronic excitation; electron trapping and reactivity in condensed THF; and elastic and total scattering cross sections. This work concerns vibrational excitation of THF.
The first electron spectroscopy study of the vibrational excitation of THF was undertaken by Lepage et al. [4] →3s. They also summarize optical (IR) vibrational spectroscopy of THF from past work, most recent being Cadioli et al. [5] . More recently, Dampc et al. [6] investigated the electron impact vibrational excitation of THF in the incident electron range of 4.5 to 14 eV and for scattering angles (θ) from 20 o to 180 o , using a magnetic angle changer (MAC, see [7] for details). They identified three vibrational energy loss features, which were ascribed approximately to predominantly C-C stretch, CH 2 collective (twist, rock) and CH 2 stretch modes at around 100meV, 140meV and 350meV energy loss values. They focused on the best resolved of these 3 features, i.e. the predominantly CH stretch modes feature at 350meV and measured its differential cross-section at E 0 values of 7 and 10eV
and its excitation function at θ=80 o over an incident energy range of 4eV to14eV. In their excitation function they observed a shoulder at E 0 =6eV, and a resonance maximum at E 0 =7.9eV and 10.3eV. They compared their 7.9eV peak to the 8.4eV peak observed by
Lepage et al. [4] in the gaseous phase. They also reported higher energy loss features observed at 690meV and 950meV due to higher overtones of stretch and combination modes of CH 2 . Soon after, Allan [8] measured absolute angle-differential elastic and inelastic vibrational excitation cross-sections for the CC stretch modes at 114meV and 134meV energy losses, CH 2 scissoring (bending) mode at 180meV energy loss, the CH 2 stretch mode at 363meV energy loss, and overtones of the CC stretch and CH stretch modes at 228meV and 720meV. They measured differential cross-sections as a function of E 0 , ranging from threshold to 16eV for these excitations for scattering angles (θ) of 135 o . For all these features, they observe broad resonant behavior with peaks at 6.2eV and 10.8eV. The 6.2eV resonance had been observed in dissociative electron attachment (negative ion formation) studies by Aflatooni et al. [9] who assigned it to a core-excited shape resonance, but did not give its symmetry. Allen also observed resonant enhancement of the 180meV CH 2 scissoring (bending) mode, which was interpreted by them as one similar to that observed in earlier work on cyclopropane (see discussion in [8] ) and an indication of a low-lying 2 A 2 shape resonance. Allen also gave integrated vibrational excitation cross-sections for THF at E 0 values of 6eV and 10eV. 
Experimental.
The experimental apparatus has been described in previous articles, e.g., Khakoo et al. [11] . The apparatus comprises an electron gun producing a collimated electron beam of known energy, intersecting a gas jet formed by the effusive flow of gas through a 1mm aperture to collimate the gas, and a scattered electron detector which registered and energy analyzed electrons scattered by the gas jet.
The electron gun employed titanium double hemispherical energy selectors. Typical electron currents at the collision region were around 30nA, with an energy resolution of approximately 60meV, full width at half-maximum. The electron gun (and analyzer) was baked to about 130 o C with magnetically free biaxial heaters (ARi Industries model BXX06B41-4K). Electrons scattered by the gas jet were measured by a hemispherical energy analyzer, whose design essentially mirrors the electron gun. The analyzer's detector was a discrete dynode electron multiplier (Equipe Thermodynamique et Plasmas model AF151) with a background rate of <0.01 Hz and a maximum count rate of 1MHz before saturating.
The effusive gas beam target was formed by flowing THF gas through a thin aperture source 0.3 mm in diameter described previously [13] . This source was covered with carbon soot, using a pure acetylene flame, to reduce secondary electrons and placed 6 mm below the axis of the electron beam, incorporated into a movable source arrangement [14] . The vapor pressure behind the source for furan was about 0.3-0.4Torr the pressure in the experimental chamber of ∼4x10 -7 Torr. The gas temperature in the collision region was about 130 o C. THF vapor was obtained from a research grade liquid THF (>99.5% purity), degassed using multiple freeze-pump-thaw cycles.
Energy loss spectra of THF were collected at fixed E 0 values and θ by repetitive multichannel-scaling techniques. The energy loss range covered was from -0.25eV to 1.25eV energy loss which covered the elastic peak and the major vibrational excitations of THF. A typical electron energy loss spectrum (EELS) is shown in Fig. 1 . The assignment of the features observed in our EELS was taken from the work of LePage et al. [4] and Cadioli et al. [5] . Each EELS was analyzed by fitting Gaussian profiles at energy losses corresponding to each vibrational feature. The line profile of the spectrometer was determined using the width of the elastic feature from -0.150 to +0.040eV, while the energy loss (E L ) positions of the vibrational features were taken as assigned in [4, 5] . The spectral features could be separated into four distinct regions (see Table 1 ). Differential cross-sections for these regions were determined by normalizing the spectral intensities of each feature to the elastic peak line intensity using elastic differential cross-sections for THF measured earlier by our group [3] . No correction for transmission was made as the E 0 value of the spectra exceeded the E L value of the features by a factor of 10 in most cases, in which case the transmission can reasonably be assumed to be constant.
Results and Discussion.
Differential cross-sections for excitation of the four energy loss features are given in Table 2 , and plotted in Figure 2 , along with the integral cross-sections (σ i ) and momentum transfer cross-sections (σ m ). The error bars include statistical uncertainties (<1%), uncertainty in the elastic DCS of [3] , contamination of the elastic peak by vibrational excitation (±5%), and an uncertainty in the transmission of the spectrometer (±10%), summed in quadrature.
The "CC-stretch" feature (E L =0.084 -0.261eV) covers 6 symmetric and asymmetry stretch modes, as well as 17 other rock, wag, twist and bend/scissoring modes for CH 2 and 2 C-O-C stretch modes (listed in Table 1 ). These additional modes mask any dipole behavior of the CC-stretch modes. On the other hand, the "CH 2 -stretch" feature Summing all of the vibrational excitations, in Figure 2 , we observe weak dipole behavior (forward scattering) between E 0 =5 to 15eV with distinct forward scattering at 2 and 3 eV. At very low energy the role of the dipole is expected to be dominant, but at E 0 =5eV to 15eV we observe essentially isotropic behavior, similar to that which was observed by us in a similar investigation in furan [15] . In fact at E 0 =15eV we observe a fall in the DCS towards zero angle. At E 0 =20eV, weak forward scattering is once again an average factor of 1.3. This factor is can be partially explained by the elastic DCSs used to normalize their data, which are higher than ours in at by 16% on average, but around 30% at θ≤30 o . We note that a comparison of elastic scattering DCSs with the similar study of Colyer et al. [16] , gives excellent agreement of 6% on average, and around 17% at θ≤30 o , which is within the combined error estimates of both measurements. With the scaling, we observe very good agreement between the two measurements for vibrational excitation of the "CH 2 -stretch" feature, mostly within error bars of the measurements except at their lowest θ of 20 o . We do not observe the d-wave dominance in the DCS for this feature as clearly they do, instead seeing a more isotropic type distribution.
For the two higher-lying features, the DCSs show mostly isotropic angular behavior.
At E 0 =3eV, the E L =0.445 -0.616eV feature shows a clear peak around θ=80 o . The contribution of these features is a factor of ≈10 or more lower than the CH 2 -stretch 8 feature. In some respects this is similar to what we observed for furan in a similar work [15] . At our highest E 0 value, the DCSs for these features are of the same magnitude.
In Figure 3 , we plot the σ i for the four features as well as their sum. These integral cross-sections were obtained by integrating the DCSs at all solid angles and extrapolating the measurements to 0 o and to 180 o . The extrapolation method and its inclusion in the error estimates is discussed in detail in [3] . In this case, since these DCSs are mostly isotropic in angular distribution, the additional error in extrapolating them was < 5%. All the present σ i maximize around E 0 ≈ 8eV. This is in the same region as the 2 B resonance (C 2 point group symmetry) observed in elastic scattering observed earlier by our group [3] and indicates the strong coupling between vibrational excitation as a result of resonant elastic scattering in the post-collision process.
Conclusions.
We have measure DCSs for vibrational excitation for four features in the vibrational energy loss spectrum of THF observed with moderate resolution. The DCSs show similar trends as was observed earlier by us for furan [3] , primarily that they are not forwardpeaked typical of dipole excitations. Since the measurements did not resolve individual vibrational modes, this work should be followed by a higher resolution study, as done by
Allan [8] , in an effort to investigate forward-scattering vibrational stretch modes.
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